1. Post-spike facilitation of e.m.g. activity by monkey motor cortex neurones has been investigated in different hand and forearm muscles.
INTRODUCTION
There is good anatomical, behavioural and electrophysiological evidence to suggest that the direct cortico-motoneuronal connexions between pyramidal tract cells and spinal motoneurones innervating hand and forearm muscles are essential for the execution of relatively independent finger movements. This evidence has been cited in the accompanying paper (Lemon, Mantel & Muir, 1986) as a background to the need to identify these cortico-motor (c.m.) neurones in the conscious, behaving monkey. The technique of averaging e.m.g. from hand muscles with respect to discharges of a single cortical neurone (Fetz & Cheney, 1980; Muir & Lemon, 1983) has proved a reliable and useful tool for demonstrating cortical neurones with direct cortico-motor facilitation of these muscles.
Having identified a population of c.m. neurones projecting to the muscles of the hand, it is important to investigate whether their properties give any clues as to their function during the performance of relatively independent finger movements. In a previous study (Muir & Lemon, 1983) , we showed that some c.m. neurones that were active during a precision grip task which required independent finger movements, were significantly less active when the monkey carried out a power grip task, in which much less fractionation of finger movement was required.
One possible means by which c.m. cells could contribute to the fractionated pattern of muscular activity seen during precision grip would be a rather restricted connectivity among the different motor nuclei, such that relatively small numbers of muscles, or even a single muscle, could be facilitated by a given c.m. cell active during such a movement. Whereas there is much experimental evidence concerning the convergence of cortical projections from many different cortical 'colonies' (Phillips & Porter, 1964 ) onto a single motoneurone (Landgren, Phillips & Porter, 1962;  Andersen, Hagan, Phillips & Powell, 1975; Jankowska, Padel & Tanaka, 1975) and the multiple representation of a single muscle in the motor cortex (Rosen & Asanuma, 1972;  Lemon, Hanby & Porter, 1976;  Kwan, MacKay, Murphy & Wong, 1978;  Lemon, 1981) , there is comparatively little information about divergence in the output of a single c.m. neurone. In the monkey, there is anatomical evidence for highly branched collaterals of axons derived from corticospinal tract neurones (Shinoda, Yokota & Futami, 1981) including those identified as making corticomotoneuronal connexions (Lawrence, Porter & Redman, 1985) . These studies suggest that a single corticospinal tract neurone may contact a large number of different motoneurones, which may lie in different motor nuclei. This last possibility was confirmed electrophysiologically for cells projecting to the lumbar motor nuclei of the monkey by Asanuma, Zarzecki, Jankowska, Hongo & Marcus (1979) .
The spike-triggered averaging method offers a new means of defining the 'muscle field' of a given c.m. neurone (Fetz & Cheney, 1980) . This paper is a study of the distribution of post-spike facilitation (p.s.f.) produced by single c.m. neurones in spike-triggered averages (s.t.a.s) of up to ten different hand and forearm e.m.g.s. recorded during the performance of a precision grip task. A short account of this work has been published previously .
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METHODS
Techniques for recording, stimulation and data analysis are fully described in the accompanying paper (Lemon et al. 1986) . All s.t.a.s were constructed with at least 4000 spike events recorded during all phases of the precision grip task. We performed rigorous tests to exclude any possibility of cross-talk in the equipment used; this was important since this paper considers distribution of post-spike effects in s.t.a.s of different electromyogram (e.m.g.) The numbers in parentheses indicate the number of neurones in each group after exclusion of redundant e.m.g.s and p.s.f.s due to cross-talk; this number is sometimes higher than the uncorrected figure because elimination of redundant e.m.g.s. has necessitated the transfer of neurones to groups with a lower number of sampled muscles. Of the seventy-five neurones recorded with five or more muscles after cross-talk correction, fifty-two were recorded in the third monkey.
RESULTS
The results are based on recordings from the three monkeys referred to in the previous paper (Lemon et al. 1986 ). In the first two monkeys, a maximum of five e.m.g.s could be recorded concurrently. In the third, ten were routinely sampled. However,the yield was sometimes less than 100 0 because e.m.g.s of poor quality had to be rejected; for example, in the third monkey, cells suitable for analysis were recorded in thirty-six different experimental sessions but in only nineteen of these were all ten e.m.g.s usable. It is important to distinguish between cross-talk between two pairs of e.m.g. electrodes (i.e. the sampling by both electrode pairs of action potentials from the one motor unit) and synchronization of different motor units. We examined cross-talk between two e.m.g. recordings by averaging the unrectified e.m.g. of one muscle with respect to the discharges of motor units in the other. This approach is likely to exclude from the average most effects due to synchronization of motor units, since such synchronization might be expected often to show jitter or delays outside the duration of the motor-unit spike (Milner-Brown, Stein & Yemm, 1973) . Trigger events, produced by passing the e.m.g. into a window discriminator, were used to generate two averages, one of the e.m.g. from which the trigger events were derived ( Fig. 3A: 'trigger muscle') and the other of e.m.g. from a neighbouring muscle (Fig.  3A: 'sample muscle').
Cross-talk was expressed as the peak-to-peak amplitude of the trigger-related potential in the 'sample muscle' average as a percentage of the average triggergenerating potential from the 'trigger muscle' (shown by stars in Fig. 3A correction for any variation in amplification between the two e.m.g. recordings.
Preliminary tests showed that cross-talk was most pronounced when trigger events were taken only from the largest action potentials in the e.m.g. record. We routinely selected a trigger level which was just above half the maximum amplitude recorded. There was little or no cross-talk between pairs of forearm muscle e.m.g.s (cf. Fetz & Cheney, 1980; ; when detectable, it ranged from 3 to 14 %.
There was also no cross-talk between recordings of forearm and intrinsic hand muscles. In contrast, there was some evidence of cross-talk in most of the averages constructed for pairs of intrinsic hand muscles. The worst case was for recordings made from the 1st and 2nd d.i. For the case illustrated in Fig. 3A , cross-talk from right row). The great majority of combinations tested in this study showed cross-talk of less than 25 %. Those This approach assumes that the particular motor units used as triggers for estimating cross-talk also contribute to the p.s.f. and that the summing of motor-unit potentials in the spike-triggered and cross-talk averages was comparable. With strong p.s.f. it was possible to show that the first assumption was valid (see Fig. 11 of Lemon et al. 1986 ). In practice, we only accepted p.s.f.s where the relative amplitude of p.s.f. exceeded the cross-talk by a factor of 2, i.e. Amplitude p.s.f. S Amplitude ps~f. T x 100 > 2 x (percentage cross-talk from T to S), where T and S are the 'trigger' (T) and 'sample' (S) e.m.g.s used for cross-talk estimation. The amplitudes referred to here are absolute amplitudes measured in microvolts. The factor of 2 is intended to allow for uncertainties in the assumptions stated above and for the possibility of small additional contributions of cross-talk from other muscles. It should be noted that the same uncertainties could easily lead to the rejection of some genuine p.s.f.s (even without the factor of 2 being applied) when the relevant cross-talk was in fact less than that estimated by the cross-talk test. The e.m.g. bearing a rejected p.s.f. was eliminated both from the count of p.s.f.s and from the count of tested muscles.
The approach used is illustrated in Fig. 3 The amount of adjustment necessitated by the results of the cross-talk analysis can be assessed by inspection of the figures in parentheses in Table 1 and by comparing these with the corresponding figures without parentheses.
As a measure of the extent to which individual c.m. cells distribute their post-spike effects over multiple muscles, the number of p.s.f.s was counted for each c.m. cell for which five or more muscles were sampled. Fig. 4A shows that the number of muscles showing p.s.f. tended to increase as the number of tested muscles increased. When only five independent e.m.g.s were sampled, the average yield was 1-4 p.s.f.s per c.m. cell, but when nine e.m.g.s were tested each c.m. cell yielded on average of 2-5 p.s.f.s. The small drop in yield between nine and ten tested muscles is statistically insignificant (P > 0 1). Also shown in Fig. 4A (open bars) are the results which would have been obtained had no correction been applied for the possible redundancies due to cross-talk.
In Fig. 4B A major objective of the present experiments was to search for p.s.f. in e.m.g.s recorded from the intrinsic hand muscles and they formed the majority of sampled muscles in all recording sessions. SELECTIVE CORTICO-MOTOR FACILITATION to group the forearm muscles acting on the digits together with the intrinsic hand muscles and compare the results for all these 'finger' muscles with those for the 'non-finger' forearm muscles tested (f.c.u., f.c.r. and br.). However, the data-base for the latter group of muscles is too small to permit reliable conclusions to be drawn. Fig. 5B shows the apparent distribution of post-spike effects in forearm and small hand muscles before corrections were made for cross-talk between muscles. This, together with the results in Fig. 4A , illustrate the fact that the elimination of some e.m.g. recordings because of cross-talk uncertainties has produced no material alterations in the findings, and the conclusions remain the same: this population of c.m. neurones, projecting to hand and forearm muscles, produced p.s.f. in a relatively small proportion of the tested muscles.
Consistency in the pattern of p.s.f. distribution
We investigated the possibility that the pattern of distribution of p.s.f. amongst the muscles tested with a particular c.m. cell might vary under different behavioural conditions. We compared s.t.a.s of cell and muscle activity recorded during the precision grip and power grip tasks (Lemon et al. 1986 ). Most cell-muscle pairs showed contrasting patterns of movement-related activity during these tasks, as illustrated in Fig. 6 . In this case the c.m. neurone was considerably the more active during the precision grip task, exhibiting a phasic burst just before movement. During the following 500 ms period, in which the monkey was adjusting the levers into their target zones, the cell showed sustained activity and the e.m.g.s from ad.p., 1st d.i. and f.d.p. all exhibited bursts of activity. The cell's discharge frequency subsided to a steady, low level during the hold period. For this c.m. neurone, all of the e.m.g.s which showed p.s.f. of activity recorded during precision grip, also showed p.s.f. for the power grip data. An example is shown in Fig. 6C Fig. 6C ), a muscle which showed increased activity during all phases of the power grip task. For the twenty-four cell-muscle combinations which yielded p.s.f. in s.t.a.s of both power and precision grip data, the latter had a better peak-to-noise ratio in eighteen cases, of which four are illustrated in Fig. 6C . Sixteen of these cases also showed a better percentage modulation of the background e.m.g. in the precision grip s.t.a.
The above results refer to p.s.f. in individual muscles. As might be expected from these results, the pattern of p.s.f distribution amongst the tested muscles also remained consistent from the one task to the other: with the exceptions referred to above, the group of muscles which yielded p.s.f. during precision grip, also did so during power grip. No 'additional' p.s.f.s were detected during power grip. The p.s.f. distribution was also very similar during both hold and movement phases of the precision grip. Six of ten c.m. cells investigated in this way showed an identical distribution of p.s.f. effects, while the remaining four cells produced the same pattern with the exception, in each case, that p.s.f. was seen in one of the tested muscles during the movement phase but not during the hold phase. We did not observe any (Buys, Lemon, Mantel & Muir, 1984; Cheney, Fetz & Palmer, 1985 and this would explain the relatively widespread facilitation amongst the sampled muscles that was seen with microstimulation. Given the selective distribution of p.s.f. from each c.m. neurone, the probability of finding p.s.f. must be strongly dependent on the choice of cell-muscle combination. We examined the probability of finding p.s.f. in a particular muscle, according to the type ofneurone used for the s.t.a. C.m. cells were subdivided into three groups (Lemon et al. 1986 ): antidromically identified p.t. neurones which (i) had fast conduction velocities, (ii) were recorded at cortical loci where intracortical microstimulation produced finger movements at low threshold and (iii) modulated their firing in relation to the precision grip movements (group 1); p.t. neurones which failed to satisfy one or more of the conditions (i) to (iii) (group 2); and cells which could not be activated antidromically by stimulation of the medullary pyramid (group 3). Group 1 neurones were considered to have the highest probability of showing a projection to muscles of the hand.
In Fig. 8A the proportion of s.t.a.s made with all group 1 neurones which yielded p.s.f. is plotted for eleven different muscles (hatched bars). A relatively high proportion (73 %) of these neurones did produce p.s.f. (Lemon et al. 1986) . Fig. 8A clearly shows the higher yield of p.s.f. amongst the intrinsic hand muscles; p.s.f. was most common in s.t.a.s of ad.p. (yield 42 %). The forearm muscles f.d.s., e.d.c. and f.c.u. had rather low yields (8, 8 and 9% respectively), but the yield from f.d.p. (27 %) and ab.p.l. (22 %) was comparable with that from the hand muscles. Group 2 and 3 cells produced lower yields in all muscles (Fig. 8A, open bars) . Comparison of p.s.f. produced in different muscles by the same c.m. neurone Fig. 8B and C shows the results for fourteen c.m. neurons that produced non-borderline p.s.f. in at least three different muscles. For a given neurone, the latency of p.s.L. (Fig. 8B ) was generally shorter in forearm than in intrinsic hand muscles as might be expected from the longer conduction distance (Lemon et al. 1986 ). For most cells, p.s.fJ in the different hand muscles had similar latencies, although in one case a scatter of almost 5 ms was observed. Most neurones produced E. J. BUYS AND OTHERS p.s.f. of comparable amplitude amongst their different target muscles (Fig. 8C) connectivity might reveal important functional relationships between different muscles which are under direct cortical control. To determine the significance of p.s.f. produced in two different muscles by the same c.m. cell we calculated the proportion of neurones which were tested with both muscles and which produced p.s.f. in either or both muscles. In Fig. 9 , the area of each circle represents the total number of cells tested with both muscles, and the labelled areas indicate the number of cells producing p.s.f. in one or other muscle. Cells producing p.s.f. in both muscles are indicated by the shaded area. Thus in Fig. 9A for instance, forty-two neurones were tested with both ab.p.b. and ad.p. which are anatomical antagonists; eleven and fifteen neurones produced p.s.f. in ab.p.b. or ad.p. respectively, but only two neurones produced p.s.f. in both muscles. For each muscle combination in Fig. 9 the number of neurones diverging to both 544 SELECTIVE CORTICO-MOTOR FACILITATION muscles of the pair was compared with that which would be expected if connexions were made by chance, i.e. if all cells tested were assumed to have equal probability of facilitating a given muscle whether or not they were found to facilitate the other muscle of the pair. Combinations A and B (ab.p.b. with ad.p. and ab.p.l. respectively) showed less divergence than expected while for C-F the number of divergent cells was higher than expected. However, it must be noted that the over-all low probability of any cell facilitating a given muscle has resulted in small numbers of facilitated muscles in each combination; only in C and D (ad.p. with f.p.b. and 1st d.i. respectively) is the deviation from chance connectivity statistically significant (P < 005). If the degree of divergence for any one muscle pair is compared directly with that for each other combination, then A is found to be significantly different from C and from D (P < 0 05) but all other comparisons yield insignificant differences.
Since it might be argued that the population of cells in each part of Fig. 9 was to some extent arbitrary, the analysis was repeated using results only from group 1 neurones. In this case only one of the six muscle pairs yielded a degree of divergence significantly different from that expected by chance: of twenty group 1 cells tested with both ad.p. and ab.p.b. only one cell facilitated both muscles while nine and six cells projected to ad.p. or ab.p.b. respectively.
These results seem consistent with the functional relations of the muscles. The antagonist muscles ad.p. and ab.p.b. receive a sparsity of divergent projections from individual c.m. cells while there is greater than chance divergence to ad.p. with both f.p.b. and 1st d.i., muscles which, although not strictly synergists of ad.p., co-operate with it during the opposition of index finger and thumb in the precision grip.
DISCUSSION
The c.m. neurones investigated in this study were selected on the basis of their activity during precision grip and their location in the hand area of the motor cortex. These c.m. neurones produced p.s.f. in a large variety of muscles, nearly all of which were concerned with moving the fingers. The probability of observing p.s.f. in the intrinsic hand muscles was significantly greater than in the long forearm muscles (Fig. 5) (Forrsberg, Grillner & Rossignol, 1977; Rossignol & Drew, 1985) . These (Kirkwood, 1979; Fetz & Cheney, 1980;  Lemon, Mantel & Muir, 1985 (Lawrence et al. 1985) . Fetz & Sawyer (1983) have shown that most motor units 546 SELECTIVE CORTICO-MOTOR FACILITATION within a forearm muscle can be activated from one cortical locus by weak microstimulation. There is also evidence to suggest that synchronization of motor units in man is due to common inputs from supraspinal pathways, possibly including the c.m. projection (Datta, Fleming & Stephens, 1985) . The anatomical data show extensive collaterals, some of which appear to terminate in motor nuclei of different forelimb nerves (Shinoda et al. 1981) ; these observations are to some extent compatible with the observation of c.m. neurones producing p.s.f. in intrinsic hand muscles and in forearm muscles innervated by the radial nerve (e.d.c. and ab.p.l.) or median nerve (f.d.p.). However, not all the collaterals demonstrated by intra-axonal horseradish peroxidase will terminate directly on motoneurones, and the s.t.a. method as used in this study is probably only suitable for examining the direct connexions with motoneurones. Our results suggest that the cortico-motoneuronal component is relatively specific.
Comparison with other studies Fetz & Cheney (1980) and investigated the actions of c.m. cells upon groups of forearm muscles during an alternate wrist extension-flexion task. Since they selected neurones whose activity covaried with either extension or flexion, they were only able to carry out s.t.a.on the co-activated group of extensor or flexor muscles. Many of their neurones (42 %) showed p.s.f. in half or more of the tested muslces, compared with only 60% in this study. If Fetz & Cheney's (1980) 'weak' p.s.f. (which we take to be similar to our 'borderline' p.s.f.) is excluded, the proportion of tested muscles showing p.s.f. was 37 % for the eighty-eight neurones in their study, compared with 27 % for forty-seven cells in the present sample. We conclude that Fetz & Cheney's (1980) sample of c.m. cells, which were selected on the basis of their activity during a quite different task, showed a greater degree of divergence than did the population of cells reported here, and this may reflect the more selective properties of the c.m. projection to hand as opposed to forearm motoneurones.
Significance of the p.sf. distribution
The degree of divergence that we have observed could be argued to represent a much broader functional divergence, since, as a group, the muscles moving the fingers have a greater multiplicity of actions compared to the synergist groups of wrist flexor or extensor muscles. However, closer examination of the cases in which one c.m. cell produced p.s.f. in several different muscles showed that the facilitated muscles often had close functional relationships. For example, seven c.m. cells produced p.s.f. in both 1st d.i. and ad.p. (Fig. 9D ). Both muscles are essential for the performance of precision grip: 1st d.i. helps to extend the index finger at the interphalangeal joints when it is flexed at the metacarpophalangeal joint, and it also abducts this finger towards the thumb, which is adducted towards the index finger by ad.p. The action of 1st d.i. in extending the index finger is intimately bound up with the actions of f.d.p. and e.d.c. (Long & Brown, 1964) and the tendon of 1st d.i. is inserted into the extensor hood of e.d.c. (Braithwaite, Channell, Moore & Whillis, 1948) in addition to its insertion into the proximal phalanx. Although not statistically 18-2 547 E. J. BUYS AND OTHERS significant, there was a suggestion that the fraction of c.m. neurones producing p.s.f. in f.d.p. or in e.d.c. and also in 1st d.i. (Fig. 9E and F ) was greater than expected by chance.
C.m. neurones producing p.s.f. in either ad.p. or ab.p.b. tended to avoid making excitatory connexions with the other muscle of this antagonist pair and this is in agreement with the findings of Kasser & Cheney (1985) on the reciprocal connexions of c.m. neurones projecting to wrist extensors and flexors. Common projections to ab.p.b. and ab.p.l., which are not always functional synergists, also tended to be rare (Fig. 9B) . However, it should be noted that many 'antagonist' hand muscles undergo co-contraction during hand movements (see Fig. 1D ; Long, 1970; Smith, 1981; Muir, 1985) .
The present results are consistent with the hypothesis that c.m. neurones may provide the capacity to perform relatively independent finger movements because of their selective projections upon the motor nuclei of the hand. The development of these movements in young monkeys and humans appears to parallel the establishment of these selective connexions (Lawrence & Hopkins, 1976) .
